As ecological awareness has intensified during the past two decades, renewable energy sources (RES) and, consequently, photovoltaic (PV) 
Introduction
Humankind, nowadays, is becoming increasingly conscious of a serious reality: global conventional energy sources are running low and, thus, we should stimulate major research into renewable energy. Such research can contribute towards a diverse and rational energy supply, sustainable development and 'green' economic growth. The future potential of renewable energy sources mainly depends on exploiting the available local resources, overcoming the environmental challenges and winning public acceptance, as well as motivating the interest of investors. In order to achieve the latter goal, the key is to ensure effective renewable energy systems; in other words, a zerodefect manufacturing strategy and certified quality, followed by secure operation and high utilisation factors, are fundamental requirements for achieving optimum payback that will provide the basis for a profitable investment.
Photovoltaic (PV) systems comprise, already, a well-established technology of renewable (ie solar) energy conversion. Heat transfer in solar energy conversion devices is one of the most important parameters that can be experimentally determined (1) . The main experimental parameter, in order to determine the amount of heat transfer, is temperature. Temperature measurement allows for evaluation of the thermal flux through surfaces in the interfaces of materials. Moreover, as an indirect condition monitoring (CM) parameter, temperature can be used to determine thermal gradients that may contribute to abnormal temperature patterns of the equipment under inspection. Thus, a temperature-based CM method in the form of infrared thermography, able to detect and diagnose defective PV modules under real field conditions, is considered to be of the utmost importance in assessing and evaluating the performance of such systems.
According to Planck's black body radiation law, infrared radiation is emitted by all objects and is proportional to their temperature. Infrared thermography (IRT) is a non-contact, non-destructive technique that provides considerably more than just a simple temperature measurement of a given point. In principle, an infrared imaging system receives the naturally emitted infrared radiation from the object under inspection and produces its complete thermal image. A thermal image shows relative temperature differences, ie thermal gradients, in a greyscale or colour (for example, rainbow) scale palette. Thus, most conditions in which either a defect or an abnormal operation are characterised by an increase or decrease in surface temperature or retained residual heat are detectable with IRT. The temperature pattern of each piece of equipment is, by itself, a valuable input when analysing the data obtained and can often be as meaningful as an absolute temperature measurement. This 'thermal signature' then has to be related to the physical construction of the component under inspection, as well as to the thermodynamics of the particular situation, in order to evaluate the degree of the possible deterioration.
There are two basic applicable approaches regarding IRT, ie the passive and the active approach. In passive thermography, the features of interest are naturally at a higher or lower temperature than the background. Abnormal temperature profiles indicate a potential problem or defect, and a key term is temperature difference with respect to a reference, often referred to as a ΔΤ value or hot spot. A ΔΤ value of a few degrees (>5ºC) is generally suspicious, while greater values indicate strong evidences of abnormal behaviour (2) . Practically, passive thermography is rather qualitative, since the goal is simply to detect anomalies. On the other hand, in active thermography it is necessary to bring some energy to the inspected specimen, in order to obtain significant temperature differences that witness the presence of subsurface anomalies (2) . This thermographic approach reflects a more recent trend in the development of thermographic non-destructive testing (TNDT), regarding the use of transient temperature data (3) . In principle, there are four testing procedures of active thermography, depending on the type of conducted thermal stimulation: (i) pulsed thermography (short thermal stimulation pulse); (ii) step heating thermography (long thermal stimulation pulse); (iii) lock-in thermography (thermal wave generation by periodic deposition of heat on a specimen's surface); and (iv) vibrothermography (mechanical vibrations induced externally to the structure, resulting in a thermal energy release by friction). This paper suggests a CM method for PV modules, based on infrared thermography. The implementation of a simple but reliable and fast monitoring method for operating PV modules, with the use of IR thermography, has remained a challenging investigation objective among researchers in the last decade (1, (4) (5) (6) (7) (8) . The experimental part of the developed approach included several daily sets of passive (in-situ) thermographic measurements to specific PV arrays. The impetus for adopting a temperature monitoring method for this study lies in the strong interrelation between the evolving surface temperature of a PV module and its 'health' in terms of efficiency. In particular, temperature affects the current-voltage characteristics of a solar cell (and consequently of a PV module) in two ways: directly, via the characteristic equation of the cell, and indirectly, via its effect on reverse saturation current. Generally, most crystalline silicon (Si) solar cells decline in efficiency by 0.50%/ºC and most amorphous cells decline by 0.15-0.25%/ºC (9) . Focusing, thus, on the parameter of temperature, the raw thermal data from each PV module was initially assessed by correlating the measured temperature of each solar cell of the operating PV module with the expected one; the latter was estimated by using a semi-empirical equation on the basis of certain environmental variables. Further processing and in-depth analysis of the PV modules' thermal signatures were performed by applying standard thermal image processing techniques, ie temperature line profile and image histogram analysis. Practically, in any condition monitoring approach it is essential to acquire the meaningful information out of the mass of the raw signal by using the appropriate signal/image processing techniques. In the presented approach, the aforementioned thermal image processing provides useful data for the detection of hot spots that witness the presence of defective solar cells and, typically, a PV module with subdued efficiency.
Theoretical background

Introductory notes
Heat transfer occurs by three basic mechanisms, ie conduction (within solids), convection (between a solid surface and a fluid) and radiation (between two solids). As an energy-related application, a PV module can be considered as a multi-layer thermodynamic wall and its operation is strongly affiliated with heat transfer and thermodynamics. As Figure 1 shows, this thermodynamic wall is typically composed of a thick sheet of chemically-hardened glass (3 mm), two very thin films of EVA foil (0.25 mm each), the Si-cell matrix (0.5 mm) and the synthetic back cover (Tedlar). Both the EVA foils and the sealing material's layers are considered to be of negligible thickness. Besides, the PV module's frame can also be neglected due to its low surface area. Thus, by these admissions, the PV is composed of three main thermodynamic layers: the glass, the cell and the back cover. Generally speaking, all three modes of heat transfer are involved within an operating PV module. However, due to the small contact area between the solar array and the structural framework, only convection and radiation, from the front module's surface to the back one, are considered significant. 
INFRARED THERMOGRAPHY | FEATURE
The analysis of a PV module's performance can be viewed by an energy-related scope, as other researchers have already mentioned (10) . Two major components contribute to the PV module's energy performance: electrical and thermal energy. While solar radiation generates electricity (electrical energy) due to the photovoltaic effect, solar cells are also heated through heat dissipation mechanisms. These energy components are completely competitive. While the electrical energy (electricity) can be utilised for useful purposes, the thermal energy is not utilised as it is interfused to the immediate surroundings. However, these thermal losses can be used in photovoltaic/ thermal (PV/T) or combined systems (11, 12) .
Heat development in PV modules
When a PV module, consisting of series-connected solar cells, is illuminated under short-circuit conditions, a photocurrent flows. According to Kirchhoff 's circuit law, this photocurrent must be the same throughout every cell and, thus, the sum of all cells' biases is equal to zero. Hot-spot heating occurs when there is at least one solar cell in this module that presents an abnormally much smaller short-circuit current than the rest of the cells in the module's series string. In this situation, the defective cell is forced to pass a current higher than its generation capabilities, becomes reverse-biased, even enters the breakdown regime, and sinks power instead of sourcing it. On the basis of the Stefan-Boltzmann Law, the relationship between the additional dissipated power and the consequent temperature rise in the defective cell can be given by the following equation where ΔP is the additional dissipated power (in W), ε is the emissivity, σ is the Stefan-Boltzmann constant, A is the heated area (in m 2 ), ie the cell, T 1 is the initial temperature of the cell (in K) and T 2 is the cell's increased temperature (in K) due to hot-spot heating.
In other words, the reverse-biased cell dissipates power, in the form of heat, instead of producing electrical power. Such a massive power dissipation occurring in a small area results in local overheating, ie a 'hot spot', which in turn leads to destructive effects, such as cell or glass cracking, sintering and, of course, excessive efficiency degradation of the solar cell and the related PV module. Besides, if the operating current of the overall series string approaches the short-circuit current of the cell, the overall current of the module becomes limited by the defective cell. The diode characteristic of this cell, in the third quadrant of its I-V characteristic, determines the overall power output of the module and the extent of the cell's degradation (14) (15) (16) . As described in the next section, the thermographic measurements of this study were applied in situ to operating, and thus illuminated, short-circuited PV modules. According to Skoplaki et al (17) , the operating temperature of a cell in a PV module can be fairly estimated by the following semi-empirical equation:
where T cell is the cell's operating temperature (in ºC), T amb is the ambient air temperature (in ºC), V f is the air velocity (in m/s) and G T is the incident solar irradiance flux (in W/m 2 ). Thus, as mentioned before, the operating temperature of each cell within the inspected PV module is estimated, with the use of Equation (2), and compared with the thermographically measured one. Any significant declination between these two values can be indicative of an occurring hot-spot heating effect potentially associated with a cell defect, such as a crack or an interconnection mismatch. On the other hand, if it is assumed that the cell temperature is approximately equal to the module temperature (T cell ≈ T module ) then the knowledge of the latter helps in assessing the module's efficiency.
Experimental set-up
Hardware and software
The experimental part of this study included three daily sets of several in-situ thermographic measurements regarding two PV arrays (PV-1 and PV-2) installed on the rooftop of a laboratorial facilities building in the School of Engineering Campus of DUTH, Greece. PV-1 consists of four single-crystalline silicon modules, type Siemens SP75. Each module in this array features a maximum power rating P max of 75 Wp, short-circuit current I SC of 4. Standard electrical tests, which included I SC and V OC measurements, were applied to each and every module of the two arrays, prior to any thermographic measurement. The tests witnessed a total 9.5% and 7% performance deterioration for PV-1 and PV-2, respectively, due to possible hot spots or defects.
The thermal camera (portable thermal imager) employed for the performed measurements was a Lumasense/Impac IVN 780-P, which features a 320 × 240 uncooled focal plane array (UFPA) microbolometer detector. This specific model has a temperature range of -40 to +1000ºC with an accuracy of 2ºC or 2% of reading and an image update rate of 8.5 frames per second with a spectral range of 8 to 14 μm long. The several strings of series-connected solar cells within each module of the two PV arrays were, in principle, considered as linear and orthogonal regions of interest (ROI). The basic ROI analysis, the pre-processing steps, as well as the temperature line profile and histogram analysis of the obtained thermal images, were performed with the use of Lumasense/Mikron MikroSpec 4.0 software and Mathworks Matlab R2009a. Although the thermal imager provides image signals both in greyscale and pseudocolour mode (such as rainbow scale), the overall raw data was processed in the greyscale option. In cases of black/white reproduction, rainbow colour maps appear to be confusing due to their lack of perceptual ordering and are misleadingly interpreted through the introduction of non-data-dependent gradients (18) . On the other hand, the processing of greyscale images requires a significantly lower computational burden.
Experimental outline
The thermographic measurements took place in the city of Xanthi (Thrace region, north-eastern Greece, latitude: 41.14º, mean elevation: 40 m), with three daily sets, ie 11, 12 and 13 July 2010, taken under variable sky conditions. Each set included three instant measurements, according to the time: 06:00 (transient conditions -sunrise); 13:00 (steady-state conditions); and 20:00 (transient conditions -sunset) for both the PV-1 and PV-2 array. The environmental conditions, such as ambient air temperature, humidity, mean value of solar irradiance flux G T and wind velocity, were taken into account for the initial set-up of the thermal camera before each of the above measurements.
The inspected PV arrays, installed at a fixed angle θ ≈ 32º, were set under shortcircuit conditions. It should be noted that, for Xanthi/Greece, the overall optimum inclination value for a PV module is, indeed, approximately θ opt ≈ 32º. However, for the period of these measurements, ie during the first days of July, the optimum inclination value ranges between 12º and 22º. Since the performed measurements aim to reveal possible defects on the modules' surfaces that occur whether they operate with optimum inclination or not, the difference between the selected and the optimum module inclination did not affect the results of the whole experimental procedure.
The distance between the thermal camera and each PV array was kept at about 2 m. The specific parameter was also taken into account during the initial set-up of the imager in order to provide an accurate temperature measurement. At this setting, according to its specifications, the imager provides an active measurement field of 0.96 m × 0.70 m for the standard type of lens that was used. Moreover, for this measurement field, the imager acquires accurate thermal data from objects with a minimum size of 9 mm × 8.8 mm. The thermal data is acquired with a measurement (temperature) resolution of 0.1ºC. The latter is also referred to as the noise equivalent temperature difference (NETD) of the imager. Figure 2 presents the arrangement of a typical in-situ thermographic measurement of this study. 
Preparing the radiometric measurement
Generally, the precision of a radiometric (thermographic) measurement is directly related to specific background parameters, ie the environmental conditions, the optical properties of the target material and the possible presence of any nearby object. As mentioned above, the values of air temperature, humidity, solar irradiance flux G T and wind velocity were used as inputs for the initial set-up (ambient compensation value (ACV)) of the thermal imager. For instance, for the environmental conditions of 13 July at 13:00, the infrared measurement was obtained with an ACV equal to 0.98, as it was calculated by the imager's built-in algorithm/software.
Moreover, a similar algorithm provides the proper background correction, in order to compensate for the influence of objects with a known temperature near to the measured target. This feature is called reflected temperature compensation (RTC). RTC is used to achieve accurate radiometric measurements when, due to a significantly high uniform background temperature, infrared energy is reflected off the target surface to the thermal imager. In principle, this reflected thermal radiant energy induces an apparent change in the target's measured temperature, proportional to: (i) a power of the temperature difference between the actual target and that of the nearby object that acts as an external heat source; (ii) the reflectance (1.0 minus the emissivity value) of the target; and (iii) the emissivity of the external heat source (19) . This apparent change is not the result of a real temperature change at the target surface and, practically, occurs when the target material is characterised by low emissivity. For the present case study, the described effect can be assumed to be negligible; the target surface material (front cover of the PV modules) is glass with a relatively high emissivity and, besides, there is no significant temperature difference between the target and surrounding objects. However, a measured background temperature of 43ºC was set as an input for the RTC of the thermal imager with the use of a built-in algorithm, similar to ACV. According to the user manual of the thermal imager, during Last, but not least, the optical properties of glass (ie the target material) are taken into account in order to provide a radiometric measurement as precise as possible. According to their optical properties, all objects reflect, transmit and emit energy. However, only the emitted energy is indicative of the object's temperature. An infrared radiometer (thermal imager) measures the sum of the emitted (W e ), reflected (W r ) and transmitted (W t ) energies coming from the target of interest. The sum of W e + W r + W t is called exitance or radiosity (19) . Thus, the thermal imager has to be adjusted to the actual emissivity value for each measured target material in order to 'read' only the emitted energy and, consequently, the actual temperature of the target. If the emissivity of the target surface changes, or if the wrong emissivity value is assumed for the target, the apparent temperature reading will be erroneous and different from the target's actual temperature. For each measurement of the present study, the emissivity ε for the front glass of the inspected PV modules was set to 0.85, a value that was validated by performing identical infrared (radiometric) measurements on a similar glass target at a known temperature. In particular, the measurements were held under the same conditions (environmental and ambient/background parameters, distance-to-target value, target material) and the temperature of the test-target was measured using a conventional thermometer; it was then noticed that, for an emissivity value of around ε = 0.85, the thermal imager was measuring the same testtarget temperature as the thermometer.
It should be mentioned that infrared measurements of glasscoated surfaces often lead to undesirable specular reflection ('selfdetection') effects. The latter must be avoided by keeping the proper distance and/or angle between the target and the thermal imager. Although a clearly visible specular reflection is often an indicator of a highly reflective surface, high specularity is not always the same as high reflectivity. For instance, in the case of the inspected modules' glass covers, reflectivity can be assumed to be quite low (ρ = 0.15), in contrast with the significantly high specularity of the glass.
Results and discussion
Thermal images and regions of interest
The thermal images acquired from the inspected PV arrays were analysed in order to generate a simple and fast correlation between the expected temperatures (T cell ) of each solar cell of the module, estimated by Equation (2) , and the measured ones (T cell,m ) obtained from the in-situ thermographic inspection. Furthermore, as has been mentioned, it can be assumed that T cell ≈ T module . In practice, a ΔΤ > 5ºC between T cell and T cell,m induces an abnormal overall temperature pattern on a PV module's surface, witnessing a potential hot spot. Figure 3 shows the thermal image of the inspected PV-1 array on 11 July at 13:00 under clear-sky conditions. A preliminary ROI analysis was applied to quantify the thermal data needed from each solar cell, which can be examined as a single orthogonal region of interest. For instance, in the thermal image of Figure  3 , the performed analysis for regions 1 and 2 of module 2 gave an average cell temperature T cell1,m = 54.8ºC and T cell2,m = 44.9ºC, respectively. On the other hand, applying Equation (2) for the environmental parameters of this measurement (see Table 1 ), the expected cell temperature is estimated to be T cell = 44.5ºC. Thus, the solar cell of region 2 is operating at a temperature very close to the 'normal' T cell , in contrast to the cell of region 1 that presents an abnormal operating temperature, higher than the normal one by a ΔΤ = 10.3ºC. Similarly, a significant ΔT was observed to the operating temperatures of several regions within all four modules. According to the complete ROI analysis, 14 hot spots, where ΔΤ >5ºC, have been detected among the total number of 144 solar cells of the inspected array's modules. These 'suspicious' cells (or groups of cells), which are indicated by the white arrows in the same Figure, may relate to implicit defects and furthermore to a deteriorated performance of the PV array.
The described ROI analysis was also applied to the thermal data of the PV-2 array. The thermal image of the four multicrystalline silicon modules, on 11 July at 13:00, is given in Figure  4 , where regions 1 and 2 feature an average cell temperature T cell1,m = 52.3ºC and T cell2,m = 43.9ºC, respectively, with an expected T cell = 44.5ºC. It should be clarified that, since the dead time between the PV-1 and PV-2 measurements was set to 5 min, for the same measurement set the environmental conditions, and thus T cell , remained practically identical. A significant ΔΤ = 7.8ºC between T cell1,m and T cell reveals a hot-spot heating effect in ROI 1. The specific region, as well several regions indicated in the same Figure, defines a potentially defective solar cell. On the other hand, ROI 2 represents a 'healthy' solar cell with an operating temperature value almost equal to T cell that gives a negligible ΔΤ of 0.6ºC; this small declination, as in the case of PV-1, can be considered as normal due to a concurrent uncertainty with regard to the selected emissivity correction value for the modules' front surface material. The ROI analysis summary for PV-2 revealed at least 15 hot spot-related solar cells in the inspected modules.
The thermographic measurements of the following daily sets (12 and 13 July) gave thermal images with similar temperature Figure 3 . Thermal image of the inspected PV-1 array on 11 July at 13:00 patterns, confirming the presence of occurring hot-spot phenomena in the defective solar cells of the inspected PV arrays. Evidently, these overheated, reverse-biased cells induce a sensible rise in the operating temperature of adjacent 'healthy' cells, aggravating the overall array's condition and, thus, efficiency. It would be an omission not to mention that measurements regarding the steady-state conditions were preferred to those during sunrise, sunset or partial cloudiness. In particular, while in transient conditions the solar radiation flux gave nearly negligible values or misleading thermal images, while steadystate conditions provided the basis for a quite fast and simple correlation between the theoretical cell temperatures, estimated by Equation (2), and the infrared measurements of the PV arrays.
Thermal image pre-processing, in the form of several techniques (for example line profile analysis and image histogram analysis), is considered as an essential step that 'links' the monitoring method (IRT in this case) with the proper signal/ image processing techniques and fault classification tools. These three steps integrate a typical condition monitoring method. Temperature line profile analysis provides an interpretable way to determine the exact location of a defect, in terms of ΔΤ, within the inspected object's geometry. On the other hand, the analysis of a thermal image histogram is the first step before applying standard thermal image processing techniques, such as thresholding and cluster analysis (for example principal component analysis (PCA)). However, in many cases, the pre-processing of a thermal image is efficient by itself, providing the necessary information with regard to occurring defects.
Image histogram analysis
The thermal image of an inspected structure or equipment can be interpreted by different, usually simple, means. In many cases, a single qualitative assessment that utilises the native form of a thermal image is effective by itself. However, the degree of applicability for a fault detecting method in variable conditions can be improved if the method incorporates a reliable signal processing technique. In the intended approach, even a basic step of thermal image processing, ie a histogram analysis, can provide a more 'pure' form of information, in order to correlate the presence of evolving hot spots in PV modules with their thermal signature.
A thermal image histogram acts as a graphical representation of the tonal or colour distribution in the image. Since tonal distribution in such images refers to discrete temperature values, the analysis of specific histogram features in a thermal image is a practical and potent tool for detecting abnormal temperature patterns and, thus, defective equipment. Mean value, variance, standard deviation and skew are the most common statisticalbased features that characterise the tonal distribution of an image. For any grey-level image, the first-order histogram probability P(g) can be given as (20) : where L(g) is the number of grey levels g and M is the total number of pixels in the image. While for a grey-level image the total number of available L grey levels varies from 0 to 256, for a thermal image the relative range extends from a minimum to a maximum temperature value. As the tonal distribution varies on temperature, a thermal image can be classified according to its colour/tonal intensities. The mean is the average value that expresses some information about the general brightness of the image and, thus, it can be expressed as: (4) Variance is defined as a measure of the dispersion of a set of data points around their mean value and is given by the following equation: Nevertheless, the square root of the variance gives the standard deviation, which is informative about the contrast of an image. In other words, it describes the spread in the image data: a high-contrast thermal image will have a high temperature distribution. In the majority of thermal image-based diagnostics, standard deviation is a key indicator of possible defects. Last but not least, skew S measures the asymmetry around the mean in the grey-level distribution and is defined as: In this study, the histogram analysis was applied to the obtained thermal images of the two PV arrays in terms of orthogonal regions of interest. Focusing on module 2 of PV-1, two vertical strings of four cells were selected as orthogonal regions. According to the ROI analysis of Section 4.1, a hot spot-related defect occurs in ROI 1, while ROI 2 includes only 'healthy' cells.
Figures 5 and 6 present the histograms of ROI 1 and 2, respectively, for the measurement of 11 July at 13:00 with regard to PV-1. Although in both histograms there is a main pixel (Y axis) distribution in the temperature (X axis) range from 44.5 to 48.6ºC that practically corresponds to T cell , the histogram of ROI 1 is characterised by a second distribution of data, ie from 53 to 57ºC approximately. Due to this, the first histogram ( Figure 5 ) approximates a bimodal form with higher variance, standard deviation and skew values, in contrast to the second one ( Figure 6 ) that clearly has a less dispersed data set. Applying Figure 4 . Thermal image of the inspected PV-2 array on 11 July at 13:00 Equation (5) and Equation (6) , for the variance and the skew of ROI 1 it is ! g1 2 = 16.39°C and S 1 = 1.057ºC, while for ROI 2 it is ! g2 2 = 2.064°C and S 2 = -0.001ºC. As mentioned previously, standard deviation is given by the square root of variance. Moreover, the presence of the abnormality in the cell string of ROI 1, as a result of the existent hot spot, increases the overall brightness of the thermal image in this region. Thus, the mean g 1 in the first histogram is shifted right, across the X axis, to a value higher than g 2 in the second histogram. In particular, applying Equation (4), it is g 1 = 48.5ºC and g 2 = 45.4ºC. Figures 7 and 8 show the histograms of ROI 1 and 2, respectively, for PV-2 on 11 July at 13:00. Here, the main distribution for a normally operating cell string is approximately located in the range from 42.5 to 46ºC, close to the value of the expected T cell . While in Figure 8 the histogram's data points present an extremely low dispersion within the main distribution range, it is evident that the histogram of ROI 1 ( Figure 7 ) features several small, though non-negligible, distributions in higher temperature values. The specific multi-modal histogram includes data points from 46 to 52.8ºC, which are indicative of a hot-spot heating effect in certain cells of the string. Furthermore, the basic statistical parameters for the histogram of ROI 1 present again, as in PV-1, a sensible increment compared to the ROI 2 histogram. Specifically, for ROI 1 here, it is g 1 = 46.8ºC, ! g1 2 = 4.705°C and S 1 = 0.919ºC, while for ROI 2 it is g 2 = 43.6ºC, ! g2 2 = 1.09°C and S 2 = -0.875ºC. Similar results were derived from the histogram analysis of the thermal images that were obtained during the remaining measurements, regarding both PV-1 and PV-2.
Line profile analysis
Line profile analysis produces graphs by linear ROIs showing the temperature fluctuation (Y axis) across the length of each ROI in a pixel scale (X axis). Such graphs provide complementary information about the thermal signature of a defect and its location. This information can be evaluated and correlated with both ROI and image histogram analysis. Figure 9 shows the thermal image of modules 1 and 2 of PV-1 with the linear ROI 1 and 2 (on the left side) and the two generated line profiles 1 and 2 (on the right side). ROI 1 extends across a string of nine cells in module 1, which includes the problematic element, while ROI 2 extends representing a string of nine normally-operating cells in the same module. As it is reasonable, the two temperature profiles 1 and 2 in the graph are following a normal path across the cells of the string, fitting each other almost perfectly. However, between pixels 100 and 125, appear to have a significant ΔΤ; while curve 2 continues constantly near the normal temperature level of 45ºC, as for the previous six cells (that correspond to pixels 1 to 100), curve 1 in the seventh cell of the string reaches an abnormally high level of temperature over curve 2, with a peak ΔT value near 6ºC. A similar, though more intense, effect can be observed for the problematic region of the string's last cell, ie between pixels 142 and 164. The peak ΔT in this hot-spot heated cell approximates a value of 8.5ºC.
Line profile analysis was also applied to the thermal image of PV-2 for the same measurement ( Figure 10 ). The linear ROI 1 and 2 in module 1 represent two strings, each consisting of 12 cells. Here, across the 'healthy' cell regions, the two temperature profiles fit each other near a normal level of 44.5ºC. On the other hand, a confirmed hot spot in the third cell of ROI 1, as well as 'suspicious' regions in cells 2, 6, 10 and 12, result in an abnormal declination of profile 1 that corresponds to the pixel regions 10-38, 46-74, 81-110 and 114-127. In the centre of the defective third cell, the hot-spot effect results in a temperature rise by a remarkable ΔΤ ≈ 10ºC. The rest of the declinations in this line profile give ΔΤ values of 2-3ºC that cannot be safely characterised . Line profile analysis for ROI 1 and 2 of PV module 1 (PV-1 array) on 11 July at 13:00 as hot spots; however, they can be explained as a consequence of both conductive and convective heat transfer from adjacent defective cells of the third string.
Concluding remarks
The aim of this study was to investigate experimentally the potential and applicability of a non-destructive, thermographic approach to hot-spot detection and performance evaluation of PV modules. For this scope, passive thermographic measurements were performed on two commercial PV arrays (PV-1 and PV-2), installed on the rooftop of a laboratory building in the School of Engineering Campus of Democritus University of Thrace (DUTH), Greece. Basic processing of the temperature data from the acquired thermal images, by means of ROI, image histogram and line profile analysis, showed an evident correlation between the abnormal temperature pattern of a module and existent hot spots through its surface. Hot-spot heating phenomena, as a result of defective solar cells in a module, lead to the overall low performance of a PV array.
To summarise, IRT appears to be an efficient hot-spot detection tool for operating PV modules. As Figure 11 shows, specific hot spots have been shown to represent problems (defects) which accelerate the ageing of the related module and, subsequently, deteriorate the PV system's overall performance. In Figure 11 , the white arrow indicates an evident crack across the photovoltaic layer of a cell in module 1 of PV-2. The crack, which has a width of 0.5 mm and a length that approximates 8 mm, induces a hot-spot effect that can be thermographically located in the third cell of string 2 (see also the line profile analysis of Figure 10 ).
The obtained experimental results revealed 14 defective cells out of a total number of 144 operating cells in the four single-crystalline Si modules of PV-1, and 15 defective cells out of a total number of 288 operating cells in the four multicrystalline Si modules of PV-2. The confirmed presence of the hot spot-related defects in specific cells have verified the standard electrical tests that were applied to each and every module prior to the experiments, indicating a total 9.5% and 7% performance deterioration for PV-1 and PV-2, respectively.
In conclusion, infrared thermography is proven to be a potential and reliable method for condition monitoring and performance evaluation of PV systems. The presented approach gives fast, easily interpreted results about possible defects in a PV module, utilising both qualitative and quantitative data from the image histogram and line profile features. Further investigation in characterising these defects, for example ohmic losses, shunts, microcracks etc, can be based on a micro-scale analysis combining the current experience with active thermography approaches. Unfortunately, there are specific limitations referring to emissivity uncertainties, the presence of glass in front of the solar cells and the undesirable dependency on the environmental (ambient and background) conditions that always have to be taken into account.
Both active thermographic inspections of commercial PV modules with certain fault classification tools, as well as large-scale condition monitoring of PV modules, ie aerial thermography, are of further interest to the present research team.
